Background and Purpose-To review the literature on the diagnostic accuracy of computed tomographic angiography (CTA) compared with arteriography/intra-arterial digital subtraction angiography as reference standard for assessment of symptomatic carotid artery disease. Methods-The PubMed, MEDLINE, PREMEDLINE, EMBASE, and CINAHL databases were searched to retrieve studies published between 1990 and July 2003, comparing CTA and intra-arterial digital subtraction angiography in patients with symptomatic carotid artery disease that presented raw data for detection of a Ͻ70% or 70% to 99% stenosis or an occlusion. Two observers independently assessed methodological quality and constructed 2ϫ2 tables for sensitivity and specificity of CTA for detection of a 70% to 99% stenosis versus Ͻ70% stenosis or an occlusion, and for Ͻ99% stenosis versus occlusion. A bivariate random effects model was used to calculate the pooled sensitivity and specificity of CTA for detection of these lesions. Results-Some 864 patients (66% male) with a mean age of 66 years were studied in the 28 studies included in the meta-analysis. In all studies, a single-slice CT-scan was used. Only 8 studies satisfied all methodological quality criteria. The pooled sensitivity and specificity for detection of a 70% to 99% stenosis were 85% (95% CI, 79% to 89%) and 93% (95% CI, 89% to 96%), respectively. For detection of an occlusion, the sensitivity and specificity were 97% (95% CI, 93% to 99%) and 99% (95% CI, 98% to 100%), respectively. Incomplete reporting of demographic characteristics and technical differences in the individual studies obstructed a meaningful subgroup analysis. Conclusions-CTA is an accurate modality for detection of severe carotid artery disease, especially for detection of occlusions. The fair methodological quality of the included studies must be taken into account when interpreting these results.
P
ooled individual patient data from 3 randomized trials have shown that carotid endarterectomy can effectively reduce the risk of a (non)disabling stroke in patients with a 70% to 99% symptomatic carotid artery stenosis. 1 The severity of stenosis in these trials was assessed with intra-arterial digital subtraction angiography (IADSA). Arteriography of the carotid arteries carries a 1% to 4% risk of morbidity or even mortality. 2 An accurate and noninvasive imaging modality would be desirable to supplant arteriography for selection of patients who may benefit from an intervention.
Computed tomographic angiography (CTA) is a potentially attractive noninvasive tool because fast helical CT scanners are widely available. Iodine contrast may limit its application in patients with renal insufficiency or cardiac failure. The axial source images can be used to grade the severity of stenosis and to visualize the arterial lumen and surrounding tissues. In addition, CTA offers several postprocessing techniques to construct 3D images of the artery. 3 Definitive grading of stenosis by combining source images and 3D reconstructions is not standardized. Each postprocessing technique has its strengths and limitations. Shaded surface display reconstructions provide a 3D image of the outer vessel wall, but no information about the residual lumen. Volume rendering allows for 3D reconstructions similar to shaded surface display images and can differentiate between the arterial wall and surrounding structures. The accuracy of the frequently used maximum intensity projection (MIP) reconstructions may be limited by bone or calcifications that obscure the depiction of intraluminal contrast and thus the residual lumen. Multiplanar and curved planar reformations facilitate reconstruction of the tortuous cervical arteries in user-defined anatomical planes.
All of these qualities give CTA the potential to replace or complement arteriography, color duplex scanning (CDS), or magnetic resonance angiography (MRA). However, the in-troduction of new technologies in clinical practice requires a thorough evaluation in studies of high methodological quality. It has been shown that the quality of design and reporting of studies of diagnostic imaging of the carotid arteries leaves room for improvement. 4 We conducted a systematic literature review and a metaanalysis to obtain the best available estimates of the diagnostic performance of CTA compared with conventional angiography or IADSA for assessment of the carotid arteries in patients with symptomatic carotid artery disease.
Methods

Data Sources and Study Selection
The Cochrane Collaboration database and the Database of Abstracts of Reviews of Effectiveness (DARE) were checked for systematic reviews on the current topic. Then the PubMed, MEDLINE, PRE-MEDLINE, EMBASE, and CINAHL databases were searched from 1990 through July 2003 for publications with "CT angiography" combined with "carotid" as keywords, without language restrictions. Based on titles and abstracts, studies evaluating CTA for assessment of the extracranial carotid arteries were selected. Cross-references and review articles were used for search completion. A hand-search of relevant journals and conference proceedings was not performed.
Studies comparing CTA with conventional angiography or IADSA as reference standard in patients with symptomatic carotid artery disease for detection of a 70% to 99% stenosis or an occlusion, and that presented 2ϫ2 contingency tables or data allowing their construction, were included in our analysis. If such data were available for only a subset of patients, this subset was included. From studies reporting repeatedly on the same study population, only the most recent study was included. Duplicate publications were excluded. Authors were contacted to ensure that possibly overlapping study populations were included only once. When authors did not respond, only the most recent or largest study was included. If 2ϫ2 tables could not be calculated from the published studies, authors were requested to provide these data. These studies were excluded if the authors did not respond.
Quality Assessment and Data Extraction
The methodological quality of included studies was graded independently by 2 observers (M.J.W.K. and P.J.N.). The following elements for good study quality were scored: consecutively enrolled patients, prospective study design, clear description of CTA technique (sufficient detail to permit replication), clear definition of cutoff levels (ie, grading lesions as Ͻ70% stenosis, 70% to 99% stenosis or occlusion), and independent blind assessment of CTA and arteriography. Some of these design-related aspects have been shown to introduce bias and overestimation of diagnostic accuracy. 5 If authors did not explicitly state consecutive enrollment, prospective design, and use of blinding, we assumed that this was not the case. Discrepancies in methodological judgment were resolved by consensus.
The same observers independently extracted raw data from the studies to construct contingency tables. Separate tables were made for discrimination between a 70% to 99% stenosis versus Ͻ70% stenosis or occlusion, and between occlusion versus no occlusion. Results for multiple observers in a study were averaged, if applicable. Other elements that were extracted included the year of publication, interval between CTA and arteriography, the patients' mean or median age, proportion of male subjects, qualifying symptoms, 3D postprocessing technique, and whether the asymptomatic contralateral carotid artery was included in the analysis. Data were considered missing if they were not mentioned explicitly in the text. Discrepancies were resolved by discussion.
Analysis
We used a bivariate meta-regression model to obtain summary estimates of sensitivity and specificity. 6, 7 Rather than using a single outcome measure per study, like the diagnostic odds ratio in summary receiver operating characteristic analysis, the bivariate model preserves the 2D nature of diagnostic data by directly analyzing the logarithmically (logit) transformed sensitivity {log[sens/(1-sens)]} and specificity {log[spec/(1-spec)]} of each study in a single model. This model estimates and incorporates the possible correlation between logit sensitivity and specificity within studies due to possible differences in threshold between studies. The bivariate model uses a random effects approach for both sensitivity and specificity, allowing for heterogeneity beyond chance due to clinical or methodological differences between studies. In addition, the model acknowledges the difference in precision by which sensitivity and specificity have been measured in each study. Thus, studies with a larger number of patients with the target condition receive more weight in the calculation of the summary estimate of sensitivity, whereas studies with more patients without the target condition are more influential in the pooling of specificity.
The model requires logit transformation of the sensitivity and specificity. A standard correction of adding 0.5 to all cells of the 2ϫ2 table was applied when either sensitivity or specificity was 100%. The model produces the following results: a random effect estimate of the mean sensitivity and specificity with 95% CIs, the amount of between-study variation for sensitivity and specificity separately, and the strength and shape of the correlation between sensitivity and specificity. Using these results, we calculated a 95% confidence ellipse around the summary estimate of sensitivity and specificity. All results have been transformed back (antilogit) to the original scale and values have been plotted values in receiver operating characteristic space.
Covariates can be introduced into the model to explain variation in sensitivity and specificity between studies. Covariates were selected if a specific methodological or clinical variable showed a positive Spearman correlation with the sensitivity or specificity with a probability value Ͻ0.1. The Proc Mixed procedure in SAS version 8.2 for Windows (SAS Institute) was used to fit all bivariate models.
When multiple postprocessing modalities were evaluated in a study, we decided to include this study only once in the analysis, and preferably the results of MIP reconstructions such as these are most frequently used in daily practice.
Assessment of Publication Bias
We applied Begg's method to explore the possibility of publication bias. This method uses the adjusted rank correlation between test accuracy estimates and their variances. A positive Spearman indicates a trend toward higher test accuracy in studies with a smaller sample size. 8 
Results
Search Results
Our search located 4200 potentially eligible articles. After screening titles, abstracts, and references, 41 studies were identified comparing single-slice CTA with angiography. Two publications were excluded because they were specifically aimed at detection of internal carotid artery occlusions 9 or differentiation between near occlusion and occlusion. 10 Six publications presented the data in a format that obstructed the construction of 2ϫ2 tables. Five studies were excluded [11] [12] [13] [14] [15] because on request only 1 author provided 2ϫ2 tables. Another 6 studies were excluded because of possible duplicate publication. 16 -21 The authors of these articles were contacted to avoid unjustified exclusion, but none of them replied.
Some 28 studies, of which 21 (75%) were in the English language, were included in the analysis. Table 2 lists the data from the included studies. The median and mean sample sizes of the studies were 23 and 30 patients, respectively. The meta-analysis comprises a total of 864 patients. The median of their mean age was 66 years and the median proportion of male subjects was 66% (data from 22 and 23 studies, respectively). For detection of a 70% to 99% stenosis, the pooled sensitivity was 85% (95% CI, 79% to 89%) and the pooled specificity was 93% (95% CI, 89% to 96%). The Figure represents the data from the original studies and the pooled sensitivity and specificity with confidence ellipse. Two studies using a cutoff point for stenosis at 80% were also included in this analysis. 27, 48 Excluding these studies from analysis yielded a pooled sensitivity of 85% (95% CI, 79% to 90%) and a specificity of 94% (95% CI, 90% to 96%).
Meta-Analysis
In nearly all studies, the sensitivity and specificity were 100% for detection of an occlusion. A correction of adding 0.5 to all cells would have led to substantial downward bias in the summary estimates of sensitivity and specificity in our bivariate model, or in any other meta-analytic approach, because of the low occlusion rate in these studies. As the results were highly homogenous among studies, we did a fixed effect pooling, resulting in a sensitivity of 97% (95% CI, 93% to 99%) and a specificity of 99% (95% CI, 98% to 100%).
Incomplete reporting of patient demographics, symptoms, and interval between CTA and arteriography in 14 of the studies (50%) obstructed analysis of the influence of these covariates on the diagnostic performance. Only the year of publication and design-related characteristics could be included one at a time. The diagnostic accuracy was not influenced by the year of publication. In addition, we found no significant differences for other covariates other than a higher specificity in prospective studies compared with retrospective studies. In a comparison between studies using MIP projections to grade stenoses and studies using other postprocessing techniques, we also found no significant differences. (Data available from the authors.)
Publication Bias
The Spearman for correlation between test accuracy and sample size of the included studies was 0.49 (Pϭ0.003). This is an indication for publication bias, probably because studies with a small sample size tend to report higher diagnostic accuracy. No. indicates number of patients; 3D, method of 3-dimensional reconstruction; Prev, prevalence of target lesion; Sens, sensitivity; Spec, specificity; SSD, shaded surface display; MIP, maximum intensity projection; MPR, multiple planar reconstruction; VR, volume rendering; NS, not stated. Of all studies listed twice, the results for MIP were used for the meta-analysis, except the study by Marcus et al 36 where SSD was used.
*Detection of stenosis Ͼ80%.
Discussion
Our review shows that single-slice CTA is accurate to detect a 70% to 99% carotid artery stenosis and highly accurate to detect occlusions. It is to be expected that multislice CTscanning will even improve the diagnostic accuracy. However, our results must be regarded with caution. All but 2 studies 29, 48 included the asymptomatic contralateral carotid artery in the analysis. In studies designed as such, the specificity will be overestimated because of the relatively high proportion of arteries with a Ͻ70% stenosis that are likely to be correctly identified by the test under study. This methodological shortcoming is not unique for studies of CTA, but is also common in evaluations of MRA and CDS. In a comparative study of CDS, MRA, and arteriography, the specificity increased by 10% to 14% for CDS and MRA, respectively, if the asymptomatic contralateral carotid artery was included in the analysis. 50 The low false-positive rate in our meta-analysis might therefore in daily practice be somewhat higher, because evaluation is generally aimed at the symptomatic artery. Consequently, some patients would be misclassified as having a Ͼ70% stenosis and inappropriately referred for invasive treatment when this decision would be based on CTA. Our estimates of the diagnostic accuracy of CTA are more conservative than in a similar recent meta-analysis that reported a pooled sensitivity of 91.6% and a specificity of 97.4% for detection of a 70% to 99% stenosis. 51 This difference may have several explanations. Although Hollingworth et al located more studies, their analysis comprised only 15 studies, whereas we included 28 studies. This indicates that we did not fail to identify relevant studies. In addition, whereas we included studies only once, they included several studies evaluating different postprocessing techniques more than once. The latter may result in smaller estimates of the SE due to the correlation of the results of multiple postprocessing techniques in the same patient. Finally, a random effects method of pooling data is likely to produce more conservative estimates than calculating crude estimates, which it did.
How does the accuracy of CTA relate to CDS and MRA? A recent meta-analysis reported a pooled sensitivity and specificity of 95% and 90%, respectively, for detection of a 70% to 99% stenosis with MRA, and of 86% and 87% with CDS, respectively. 52 For detection of occlusions, MRA had a sensitivity and specificity of 98% and 100%, respectively, and CDS of 96% and 100%. 52 The current meta-analysis indicates that the accuracy of CTA for grading stenoses lies somewhere in between, whereas its accuracy to detect occlusions is comparable to MRA and CDS.
It would be interesting to know if performing multiple noninvasive tests could improve patient selection for an intervention, as suggested in a study of CDS, MRA, and angiography, but such data are lacking for CTA. 50 It is also unclear if CTA has additional clinical value over MRA or CDS. The 4 studies that directly compared CTA, MRA, and arteriography reported no significant differences in diagnostic accuracy of both modalities. [43] [44] [45] 49 We could not locate studies comparing CTA, CDS, and arteriography simultaneously.
We tried to explore possible differences between the various postprocessing techniques. However, it was often unclear from the original articles which (combination of axial images and) postprocessing technique was used for definitive grading of the stenosis. Our distinction between MIP and all other postprocessing techniques detected no differences in diagnostic accuracy.
Our review has several limitations. We tried to minimize the influence of publication bias by searching multiple literature databases. We recognize that our search was limited by the fact that we did not hand-search leading journals or conference proceedings. Whereas a failure to include the gray literature may overestimate a treatment effect by 15%, 53 a similar effect for studies of diagnostic accuracy has yet to be established. We do not think that the positive Begg's test for publication bias shows that our search failed to identify all relevant studies, but merely indicates that small studies with promising results have a higher likelihood of publication than larger studies with less favorable results. Indeed, the median sample size of the studies was small. The estimates of diagnostic accuracy derived from small studies have a wide confidence interval. Although meta-analysis is a tool to calculate more precise estimates, it would be desirable if original studies included a larger number of patients.
In line with the study by Rothwell et al, 4 we found that the methodological quality of the included studies was fair. In addition, the meta-analysis was partly obstructed by incomplete reporting of patient demographics and study design, and unclear presentation of the results. This is not unique to the studies we retrieved for our systematic review but occurs in diagnostic research in many fields. 54 The STAndards for Reporting of Diagnostic accuracy (STARD) steering committee has proposed guidelines for the conduct and reporting of diagnostic research to improve the quality of such studies. 55 It is desirable that future studies will adhere to this concept if only to facilitate the performance of systematic reviews and meta-analyses, thereby speeding the appreciation of new imaging tools.
Graph of pooled sensitivity and specificity (ϩconfidence ellipse) and original studies for detection of a 70% to 99% carotid artery stenosis with CTA.
In conclusion, the overall methodological quality of studies comparing CTA and angiography for assessment of symptomatic carotid artery disease is fair. In these studies, CTA is an accurate test to detect a 70% to 99% stenosis in the carotid artery, is highly accurate for the detection and exclusion of occlusions, and may be used as an alternative for CDS and MRA. Whether patients will benefit from a work-up with CTA remains unclear, as currently no data are available of decision analyses or clinical trials that compare outcomes and costs of management of symptomatic carotid artery disease based on a noninvasive work-up with CDS, MRA, CTA, or arteriography.
